In vitro liver preparations are increasingly used for the study of hepatotoxicity of chemicals. In recent years their actual advantages and limitations have been better defined. The cell models, slices, and mainly primary hepatocyte cultures, appear to be the most powerful in vitro systems, as liver-specific functions and responsiveness to inducers are retained either for a few days or several weeks depending on culture conditions. Maintenance of phase and phase 11 xenobiotic metabolizing enzyme activities allows various chemical investigations to be performed, including determination of kinetic parameters, metabolic profile, interspecies comparison, inhibition and induction effects, and drug-drug interactions. In vitro liver cell models also have various applications in toxicology: screening of cytotoxic and genotoxic compounds, evaluation of chemoprotective agents, and determination of characteristic liver lesions and associated biochemical mechanisms induced by toxic compounds. Extrapolation of the results to the in vivo situation remains a matter of debate. Presently, the most convincing applications of liver cell models are the studies on different aspects of metabolism and mechanisms of toxicity. For the future, there is a need for better culture conditions and differentiated hepatocyte cell lines to overcome the limited availability of human liver tissues. In addition, strategies for in vitro analysis of potentially toxic chemicals must be better defined. Environ Health Perspect 106(Suppl 2):511-532 (1998). http.//ehpnetl.niehs.nih.gov/docs/1998/Suppl-2/51 1-532guillouzo/abstract.html
Introduction
Because of its interposition between the digestive tract and the rest of the body, the liver occupies a central role in major functions of the organism. It receives large amounts of nutrients and noxious compounds entering the body through the digestive tract and portal vein. Among the major hepatic functions are uptake of amino acids, lipids, carbohydrates, and vitamins, and their subsequent storage, metabolic conversion, and release into the blood and bile. The liver is also the principal organ involved in the biotransformation of exogenous substances, with its capacity to convert hydrophobic substances into water-soluble products that can be secreted readily from the body. However, more than a thousand xenobiotics are potentially hepatotoxic. The capacity of a chemical to produce liver damage in vivo often results from the interaction of a series of complex cellular processes that are involved in the uptake, biotransformation, and elimination of these potentially toxic compounds. Hepatotoxins may react with the basic cellular constituentsproteins, lipids, RNA, and DNA-and induce almost all types of lesions of the liver, most frequently steatosis. Whatever the agent responsible for injury, the reaction of the liver involves a common sequence of events that can be analyzed at the tissular, cellular, and molecular levels. However, it is Abbreviations used: ATP, adenosine triphosphate; CCI4, carbon tetrachloride; CYP, cytochrome P450; EDTA, ethylenediaminetetraacetate; GST, glutathione Stransferase; GSH, glutathione; GSSG, oxidized glutathione; IC, inhibition concentration; LD50, median lethal dose; LDH, lactate dehydrogenase; MTT, 3-[4,5-dimethylthiazol-2-yll-2,5-diphenyl-tetrazolium bromide; UDP, uridine diphosphatase; UDS, unscheduled DNA synthesis. difficult in vivo to distinguish the primary effects of a compound from those induced secondarily because liver functions are under the influence of various endogenous and exogenous factors that result in complex interactions with other organs. Moreover, most of our understanding of liver injury induced by chemicals remains confined to animal models, and data obtained in animals cannot be extrapolated with certainty to the human situation. Because of the drawbacks of in vivo studies of drug-and chemical-induced hepatotoxicity, in vitro liver systems represent a better experimental approach to screen potential hepatotoxic compounds and investigate mechanism(s) by which chemicals induce liver lesions. The most frequently used isolated liver preparations include isolated perfused organ, tissue slices, subcellular fractions, and isolated and cultured hepatocytes. The latter model is the most popular system and is widely used for toxicity studies. In this review the advantages and limitations of in vitro models in toxicity studies will be discussed, with special reference to the isolated hepatocyte model and future developmental needs.
In Vitro Liver Models
Among the in vitro liver preparations recognized as useful experimental models in toxicology, intact cellular systems, i.e., the isolated perfused organ, tissue slices, and the isolated hepatocyte, offer various advantages over other systems such as liver cell lines, subcellular fractions, and genetically engineered cells (Table 1) . However, the isolated hepatocyte is the most widely used model.
Different in WVo Liver Preparations
The Isolated Perfised Organ. The isolated perfused liver represents the closest in vitro model of the in vivo situation. The major advantages are that the three-dimensional architecture is preserved and that the bile flow can be collected and analyzed separately. It is also the only in vitro model that allows consideration of issues related to hemodynamics (1) . This model has been used for investigating drug-and chemicalinduced hepatotoxicity (2) and represents an interesting tool in studies of physiologically based toxicokinetic modeling. However, the isolated perfused liver model is difficult to handle and its functional integrity is not maintained beyond a few hours. Although more than one test compound was added to the perfused medium in some studies, and concentration-response relationships have (4, 5) . This system appears appropriate for short-term studies on human liver, as tissue slices can be obtained from both liver fragments and needle biopsies. Histologic examination can be conducted. Recent (11) .
Hepatocyte subpopulations can also be prepared. Perivenous or periportal hepatocytes can be obtained by selective destruction of the periportal or perivenous part of the microcirculation by digitonin perfusion before applying the basic collagenase method (12, 13) . Two whole livers must be used. Hepatocyte subpopulations are prepared from whole cell populations by counterflow centrifugation according to their degree of ploidy (14) . Enriched hepatocyte couplet populations can also be obtained by slight modifications of the classical Environmental Health Perspectives * Vol 106, Supplement 2 * April 1998 two-step collagenase perfusion, such as addition of trypsin inhibitor in the collagenase solution (15) . The cell preparation contains approximately 30% couplets; after counterflow elutriation a fraction containing 85% couplets has been obtained (16) . All (18) . This method improves maintenance of functional capacities in cultured hepatocytes compared to the standard collagenase method (19) , but conflicting data have been reported (20) .
Preparation of hepatocytes from other species. The two-step collagenase perfusion protocol, first designed for rat liver, has been applied to the liver of various species, including human (21) (22) (23) (26) and exhibit changes in abundances of various cytochrome P450 (CYP) transcripts (27) . Moreover, conspicuous individual variations in cellular functions are cells preserved in this medium are able to frequently observed in human hepatocytes correctly attach to plastic and survive in (28) ( Table 2 ). In addition to age, sex, liver culture (36) . diseases, and genetic polymorphisms, preVarious procedures for cryopreservation medication and the duration and conditions of hepatocytes have been described; the of liver preservation before cell disruption importance of the nature and concentramay greatly influence the metabolic activities tion of cryoprotectant, cooling rate, and of freshly isolated human hepatocytes conditions of thawing have been stressed (29, 30) . The conditions of organ preserva- (37) (38) (39) (40) (41) (42) (43) (44) . Parenchymal cells from various tion before dissociation are also critical. Vons species can be frozen (40) . However, cell et al. (31) reported that human livers stored viability is reduced and functions including for 7 ± 2 hr in cold University of Wisconsin drug metabolizing enzyme activities are solution (Dupont, Paris) gave lower cell yields more or less impaired (40, 44) . About 50% than surgical liver biopsies when expressed of hepatocytes that are able to attach and per gram of tissue. Moreover, most of these survive in culture when plated just after cell populations attached poorly to plastic. isolation still possess these properties after Critical parameters are probably the length freezing in liquid nitrogen and thawing. of hypothermic preservation and extent of The length of preservation is not a critical washing with buffer before liver dissociation. parameter. Whether cryopreserved for a Survival of isolated hepatocytes in few days or for 4 years, human hepatocytes suspension is short, not exceeding a few were equally viable after thawing (40) . hours, and the functional capacity is depen-Among the species studied, dog hepatodent on the composition of the incubation cytes appear to be the most sensitive cells medium (32) . However, when entrapped in to the freeze/thaw process (40, 44) . Among alginate beads, isolated hepatocytes survive the most sensitive functions to the much longer. We have shown that under freeze/thaw process are cytosolic phase II these conditions, rat hepatocytes incubated enzyme activities and protein neosynthesis, in a culture medium were capable of conju-which are not restored in thawed hepatogating bilirubin for 24 hr or more (33) .
cytes in pure culture. However, when Freshly isolated hepatocytes can also be thawed parenchymal cells are set up in transiently preserved by hypothermia or coculture with rat primitive biliary cells, cryopreserved for months or years. When they recover levels of functional activities stored at 40C eirher in the Leibovitz medium close to those found in fresh hepatocyte (Gibco Laboratories, Cergy-Pontoise, cocultures after a few days (45) . A recent France) or in the University of Wisconsin study has shown that when entrapped in solution (Dupont) (the most effective solu-alginate beads, hepatocytes exhibit only tion for cold organ preservation), rat hepato-limited reduced cell viability and retain cytes survived for 1 or 2 days (34) (35) (36) . their functions at high levels (46) .
However, survival and metabolic compe-
The results with human hepatocytes tence are better maintained in the Leibovitz deserve further comments. Indeed, although medium. After 2 days of storage only the data are reproducible and similar to those (53) reported that the total spectral CYP measured in rat hepatocytes dedined 68% during the first 3 days of culture in a serum-free medium, whereas the sum of the amounts of immunoreactive protein for seven CYP enzymes declined only 24% during the same period. These findings suggest that loss of heme rather than protein accounted for much of the observed CYP loss in cultured rat hepatocytes. CYP mRNAs also drop dramatically during the first days of culture (54, 55) . Several immunoblotting and Northern blotting analyses have shown that CYP enzymes are differently affected (55) (56) (57) (58) . Induction of specific CYPs by phenobarbital is difficult to achieve (59); several other CYPs, although decreased, remain capable of responding to inducers in vitro (53, (56) (57) (58) 60, 61) . However, the response can be different from that observed in vivo (62) . Differential changes are also observed for uridine diphosphatase (UDP)-glucuronyltransferase forms (63) and glutathione S-transferase (GST) subunits (64) (65) (66) (67) . UDP-glucuronyltransferase activity is more stable than that of sulfotransferases (66) . The loss of specific functions is associated with an early drop of transcription rates of liver-specific genes, e.g., albumin and transferrin, that represent only 1 to 10% of those found in the liver after 24 hr of culture (68, 69) .
Phenotypic changes with time in culture also include overexpression in adult rat hepatocytes of P-glycoprotein, the product of multidrug resistance gene(s), (29, (71) (72) (73) . About 50% of the initial CYP content is still found after 1 week of culture (29, 73) , and all major CYPs (i.e., CYPiA, CYP2C, CYP2E, and CYP3A) remain well expressed and responsive to specific inducers (72) . Specific inductions were demonstrated with rifampicin (72,74), 3-methylcholanthrene (72), omeprazole (75) , and dihydralazine (76) . As found in vivo, rifampicin controls expression of CYP3A at the transcriptional level (77) . Phase II enzymes are also preserved in cultured human hepatocytes (73, 78, 79) . However, an early decrease has been observed for GST activity, which was not followed by an increase as found in rat hepatocytes (79) . Nevertheless, GSTs remain responsive to inducers. A specific induction of GST alpha-class transcripts by phenobarbital, 3-methylcholanthrene, and dithiolethiones has been reported in primary human hepatocyte cultures (80) . P-Glycoprotein is only slightly overexpressed (81) .
An additional particular feature of human hepatocytes is the frequent biphasic expression of some mRNAs. Some transcripts, particularly CYP mRNAs, show a conspicuous drop followed by an increase after 2 or 3 days of culture (72, 82 (14) . Periportal and perivenous hepatocytes retain their functional differences (84, 85 (87, 95, 96) . In addition a number of nonphysiologic soluble factors are also effective; they include ligands such as metyrapone and isonicotinamide (90) , drug inducers such as phenobarbital (97), and solvents such as dimethylsulfoxide (92), which is the most effective. However, dimethyl sulfoxide must be used at a concentration as high as 2% to give maximum effects (92) .
Some complex serum-free hormonally defined media have been proposed for culturing hepatocytes (98), but they do not allow satisfactory maintenance of specific gene transcription and expression of differentiated functions beyond a short period. Only transitory improvement of plasma protein production rates (99) and drug metabolizing enzyme levels and response to inducers (100) has been reported in rat hepatocyte cultures.
In standard culture conditions i.e., in the absence of mitogenic factors, rat hepatocytes are blocked in the mid to late G 1 phase at the restriction point (101) . A number of studies have involved the identification of soluble factors that may stimulate DNA synthesis in hepatocytes plated at low densities (102, 103) . Two (102) , glucose (95) , proline (104) , and iron-containing diferric transferrin (104) . When rat hepatocytes are grown in serum-free medium containing low Ca2+ concentration (0.4 mM) and epidermal growth factor, a high percentage go through one cycle of division and a few replicate twice (105). Nicotinamide appears to be very effective (91, 106) ; the mechanism mediating these effects remains unclear (95) . About 15% of rat hepatocytes undergo three rounds of cell division when maintained in a serum-free medium containing 10 mmol/liter nicotinamide and 10 ng/ml epidermal growth factor (106) . Several extracellular matrix substrates can also promote cell growth (95, 107 The influence of extracellular matrix on the maintenance of liver-specific functions has also been widely analyzed (111-115) ( Table 4) . A variety of forms of extracellular matrix were tested. The efficiency of attachment of hepatocytes is increased when the cells are cultured in plastic dishes coated with matrix proteins. In most cases hepatocyte spreading is also enhanced and is associated with the loss of specific functions (112, 116, 117) .
Maintenance of differentiated functions is prolonged when the cells are cultured on matrigel or in a sandwich, two conditions that favor the preservation of the globular cell shape. The most convincing improvement has been obtained using matrigel, a laminin-rich gel matrix isolated from a mouse sarcoma (54, 113) . Various functions, including induction of CYP2B1 and CYP2B2 by phenobarbital, are maintained for several days (54, 55) . However, the significance of matrigel effects is difficult to interpret because contamination with proteins, hormones, and/or growth factors has been reported (118, 119) . Among the various factors identified were transforming growth factor beta, epidermal growth factor, insulinlike growth factor-1, bovine fibroblast growth factor, and platelet-derived growth factor (118) .
Rat hepatocytes also maintain a high albumin secretion rate for more than 40 days and a more cuboidal shape when cultured between two layers of type I collagen (120) . Recently Lee et al. (114) reported that the continuous presence of L-proline in the medium of sandwiched rat hepatocytes was necessary and concluded that continued synthesis of endogenous collagen by hepatocytes was critical. However, further work is required to determine the precise role of L-proline and the mechanism of interaction between hepatocytes and neosynthesized collagen. Whether the cells must retain their cuboidal shape to express differentiated functions has been recently questioned. Caron (121) reported that rat hepatocytes spread on type I collagen and when exposed to matrigel diluted in the culture medium they showed increased transcription of the albumin gene without induction of a cuboidal cell shape. The first attempts to coculture hepatocytes with other cell types such as sinusoidal cells (124) and human fibroblasts (125) showed only limited improvement of hepatocyte survival and function. A considerable step forward in long-term maintenance of differentiated hepatocytes was made by adding another liver epithelial cell type (126) . When cocultured with rat liver epithelial cells probably derived from primitive biliary cells, hepatocytes from various species including humans survive for several weeks and retain various liverspecific functions; these include production of plasma proteins, expression of both phase I and phase II drug metabolizing enzymes, and taurocholate uptake (52, 71, (127) (128) (129) (130) (131) (132) (133) (134) (135) (71, 126, 128) and with preservation of communication through gap junctions (136) . These two features could be related because in pure hepatocyte cultures the addition of proteoglycans improves gap junction activity (137) . The enhanced survival and function of hepatocytes cocultured with rat liver epithelial cells have been confirmed by many investigators (134, (138) (139) (140) (141) (142) (143) ; the induction of CYP2B1 and CYP2B2 by phenobarbital has also been demonstrated (137, 144) . Moreover, other cells have been effective, including both liver endothelial cells and nonhepatic cells (145) (146) (147) . Studies from our laboratory (148, 149) have shown that the presence of an integral plasma membrane glycoprotein is a prerequisite to obtain longterm survival of differentiated hepatocytes in coculture. This glycoprotein is expressed by both hepatocytes and rat liver epithelial cells and is also found in some other tissues (148, 149) . One could postulate that nonhepatic cells that express this glycoprotein are potentially capable of interacting with hepatocytes. However, it is important that these cells cease to divide when they form confluent cell monolayers with hepatocytes and that, like rat liver epithelial cells (69), they can be separated from parenchymal cells. As in conventional culture, the levels of functions in coculture are dependent on the composition of the nutrient medium (150) . As a rule some qualitative and quantitative changes occur, and the reappearance of fetal-like functions is not totally prevented in coculture (65) . Moreover, it is important to point out that our coculture system is corticosteroid dependent (151) (153, 154) , and adult (155) (152) (153) (154) (155) .
In summary, although adult hepatocytes can express various liver-specific functions for several weeks when placed in sophisticated culture conditions, they do not fully mimic the in vivo situation. Some phenotypic changes occur early during the isolation process and after seeding, probably as a consequence of an adaptation of parenchymal cells to a new environment. However, even if they are lost rapidly after cell seeding, some functions remain inducible, as shown for sulfotransferase activities (67) . Moreover, there is currently no experimental condition that allows normal hepatocytes to actively proliferate and therefore be subcultivated. (176) . However, the IC50 value is usually considered the best indicator of in vitro cytotoxicity because it is taken from the middle of the dose-response curve (176) . Another index, i.e., the maximum nontoxic concentration over a given incubation period, can also be calculated and is useful for designing long-term toxicity studies with repeated additions of the chemical (177 (190) ; and bile acid secretion.
Various specific alterations of organelles can also be observed in liver parenchymal cells by electron microscopic examination, e.g., proliferation of smooth endoplasmic reticulum, increased number of peroxisomes associated with induction of the peroxisomal P-oxidation pathway (191) , and characteristic accumulation of concentric membranes in lysosomes.
These criteria are usually much more sensitive than end points of the plasma membrane integrity; they compare to criteria for metabolic competence. However, with a few compounds major differences can be observed. Thus, cycloheximide inhibits protein synthesis but not urea synthesis, whereas norvaline does the opposite (192 (127) . In a recent study we found that minor metabolites were detected only after two or three daily exposures to the compounds (203) . The choice of drug concentrations to be tested is also important. Some metabolites can be missed if the concentration is too low; if the concentration is too high cellular toxicity can result. It is appropriate to test at least two concentrations, with the highest close to the maximum nontoxic concentration. However, for some drugs, in vitro biotransformation is low and does not reflect the in vivo situation whatever culture conditions are used (204) . Such striking quantitative differences are sometimes minimized when metabolites are expressed per cell, as shown by Berthou et al. (204) for caffeine. In addition, the metabolic profile obtained with hepatocytes can be quite different from a metabolic profile obtained from a given compartment in vivo (e.g., urine or plasma) and it misses metabolism in nonhepatic tissues in vivo. In vivo/in vitro quantitative differences can be much more pronounced in one species compared to another. The new drug S-3341 was poorly metabolized both in humans and in primary human hepatocyte cultures (4 and 20%, respectively), but was much more biotransformed in vitro than in vivo in the rat (63 vs 20%) (205) .
There is evidence for stereoselective and competitive metabolism of drugs, and the implications on the induction of liver cell damage should be considered. Le Corre et al. (206) have analyzed stereoselective metabolism of disopyramide in human hepatocyte cultures. The metabolic rate of S(+) disopyramide was 2.5-fold higher than that of R(-) disopyramide. The stereoselective index S(+)/R(-) was similar to that found in vivo (1.51 ± 0.1 1 vs 1.55 ± 0.10). Hepatocyte cultures also represent a powerful system to demonstrate or predict drug interactions (200, 207) . Exposure of human hepatocytes to various concentrations of erythromycin estolate results in a dose-dependent inhibition of cyclosporine metabolism; both compounds are transformed by CYP3A4. Erythromycin estolate that is hepatotoxic in vivo forms stable complexes with CYP3A both in vivo and in vitro (208, 209) .
The capacity of hepatocytes to form metabolites decreases with time in culture; as expected from measurement of drug metabolizing enzymes, it drops much earlier in rodent hepatocytes than in their human counterparts (198) . For example, no change in the metabolic rate and percentage of the two major metabolites formed from ketotifen was observed in human hepatocytes during the first 4 days of culture; the metabolic rate markedly decreased in rat hepatocyte cultures between day 2 and day 4.
The use of more sophisticated culture conditions is required for prolonged maintenance of drug metabolism activity in cultured hepatocytes; this is of particular importance when the cells must be induced in vitro before addition of the test drug. By using the coculture system, i.e., hepatocytes mixed with rat liver epithelial cells, Villa et al. (210) (190) found that the toxicity of erythromycin estolate (known to bind proteins) in rat hepatocytes increased in a medium deprived of proteins. The addition of calcium to the medium has been a matter of debate. Indeed, extracellular Ca2+ has paradoxical beneficial and detrimental effects to isolated hepatocytes exposed to toxic compounds. Calcium chloride in the incubation medium (3.6 mM) enhanced carbon tetrachloride (CC14) toxicity in rat hepatocytes (213) (214) (215) (216) and it was hypothesized that calcium entry into the cell may be involved in liver cell damage. In contrast, Smith et al. (216) (177, 205) .
Various drug concentrations can be tested beginning when cell confluency is reached and with daily renewal. The highest concentration used is the maximum nontoxic concentration, defined after a 24-hr incubation of the compound with pure hepatocyte cultures. Depending on the chemical tested, four situations can be observed: no cytotoxicity to both cell types is found; only hepatocytes are damaged; only rat liver epithelial cells are damaged; and both cell types are sensitive to the chemical. As in acute toxicity testing, major differences in the sensitivity of end points can be observed (177) . Because rat liver epithelial cells used in coculture do not metabolize drugs, comparisons of the effects of similar drug concentrations on pure cultures of these cells make it possible to determine whether a drug requires biotransformation to be cytotoxic. The coculture model thus has a double interest: it allows the detection of a cumulative chemical-induced toxic effect as well as the ability to distinguish between compounds that require biotransformation to induce cellular injury. Thus amitryptiline, but not clonidine, exerted a cumulative toxic effect in rat hepatocyte cocultures (177) .
Choice ofEnd Points. A single end point is usually sufficient to estimate irreversible injury induced by toxic compounds. For example, comparable results were obtained with primary rat hepatocyte cultures exposed to various compounds by measuring extracellular and total LDH ratio, total cellular protein content, MTT assay, and neutral red uptake (174) . When metabolic competence is evaluated, IC50 values can be much lower than those calculated from parameters of plasma membrane integrity and false negative compounds have been reported. The advantage of criteria reflecting both irreversible cellular damage and altered metabolic competence is that they allow determination of metabolic disturbances with concentrations of the toxic agent much lower than those required for cell death. unique experimental approach to screening various compounds at several concentrations using different criteria on the same cell suspension. However, they are not suitable for screening idiosyncratic toxins having a hypersensitivity origin because these involve an immune reaction.
Only short-term studies not exceeding 2 to 4 hr can be performed with suspensions of freshly isolated parenchymal cells. Moreover, it must be considered that the cells are altered, primarily because of the use of collagenase and mechanical agitation. Among the altered functions are lower 5'-nucleotidase and alkaline phosphatase activities and response to hormones. Consequently, it is probably more effective to allow hepatocytes to recover from the trauma of isolation and regain metabolic properties. However, one has to face major changes affecting various phase I (222) . Normal hepatocytes also are often more sensitive than hepatoma cells, which exhibit lower drug metabolizing enzyme activities (174) . Species differences in the sensitivity of the cells are also frequently observed.
The suitability of isolated hepatocytes as a screening procedure early in drug development is more convincing when structurally related compounds are tested, as we have shown for neuroleptic agents (170) and macrolide antibiotics (190) . Chemicals associated with hepatotoxicity in humans are usually more cytotoxic to rat or human hepatocytes in vitro than nonhepatic-related toxic compounds, particularly those that require hepatic biotransformation to exert cellular damage.
It is obvious that the utility of in vitro systems depends on confidence in extrapolating data to the in vivo situation. For such comparisons the most useful parameters are those that assess end point toxicity for which in vivo data (histology, elevated serum enzyme levels, median (226) (227) (228) . Metabolism of chemicals is frequently a necessary prerequisite.
Because they retain the critical activation/inactivation balance, isolated hepatocytes are well suited for quantitation of DNA repair elicited by exposure to genotoxic agents of a wide variety of structural classes. Only a few chemicals, including cimetidine (229), P-naphthylamine, 2,6-diaminotoluene, and 5-methylchrysene (230), give a qualitatively different response between the human and rat hepatocytes. In the last study, 25 compounds were tested; compounds found to be genotoxic in vivo were negative in vitro in only one case out of eight. Extensive validation has been performed with rat hepatocytes (231) Isolated hepatocytes reproduce in vivo steatosis. Impairment of fatty acid metabolism and protein synthesis has been reported in rat hepatocyte suspensions exposed to drugs known to produce steatosis in vivo, e.g., tetracycline (242) and methotrexate (243) .
Isolated hepatocytes in suspension, hepatocyte couplets, and primary hepatocyte cultures have been used to demonstrate the cholestatic potential of various compounds that induce cholestasis in vivo (244) . Both morphologic and functional approaches have been used. The use of fluorescent-labeled substrates and imaging techniques allows visualization of changes in bile canaliculus structures (244, 245) . Hepatocyte couplets possess a bile canaliculus that is functional for a few hours. Phalloidin, bile acids such as taurolithocholate and chenodeoxycholate, erythromycin estolate, and ethylnyl estradiol inhibited canalicular secretion, whereas noncholestatic compounds were ineffective (246) . Compounds that induce cholestasis by acting on other liver cell types, e.g., paracetamol, galactosamine, and erythromycin base, as well as chlorpromazine, were also ineffective (246) . The absence of effect of chlorpromazine could be explained by an incubation period that was too short (2 hr), as this drug is reportedly cholestatic only after biotransformation (247) . By contrast, its cholestatic action has been shown in primary rat hepatocyte cultures after a longer exposure period (248) . Alteration of actin filaments by phalloidin treatment has been observed in both models (244, 246 Hepatotoxicity of paracetamol is induced by the formation of N-acetyl-pbenzoquinoneimine (258) . When this reactive metabolite, formed by a CYPmediated pathway, is not completely detoxified by conjugation with glutathione, it binds to cellular proteins and induces liver injury. Species differences in sensitivity to paracetamol toxic effects have been reproduced in isolated hepatocytes. In addition, by using isolated hamster hepatocytes Boobis et al. (259) have shown that binding of the reactive metabolite to cellular proteins and loss of cell viability could be dissociated. After a 90-min incubation with paracetamol, hamster hepatocytes were washed to remove all unbound drug and refreshed with paracetamol-free medium. A rapid loss of cell viability was observed and was prevented by the addition of N-acetylcysteine. This suggested that the reducing agent was able to repair oxidative damage induced by N-acetyl-p-benzoquinoneimine.
The target proteins that interact with paracetamol-reactive metabolites have been analyzed by Bartolome et al. (260) . At least two proteins of 44 and 58 kDa, respectively, were covalently associated with paracetamol by using antibodies directed against paracetamol-bound antigens.
CC14 is another hepatotoxicant that has been studied extensively. A comparative study in vivo and in primary rat hepatocyte Environmental Health Perspectives * Vol 106, Supplement 2 X April 1998 cultures led to the conclusion that the biochemical changes induced by this toxic compound were generally similar in both models but more rapid in vitro (261) . Decreased protein and lipoprotein synthesis (262), increased lipid peroxidation (263) , and potentiation of CCl4-induced liver injury by pretreatment of the animals with 2,5-hexanedione, isopropanol, and chlordecone (264, 265) have been reproduced in isolated rat hepatocytes. As in vivo, the CYP inhibitor SKF-525 inhibited toxicity induced by CC14 (266) . In some studies in vivo observations were not reproduced in in vitro models, probably because of inappropriate experimental conditions (263) . Evidence shows that CC14 used at relatively high doses induces membrane injury through a direct solvent action (267) .
The anesthetic halothane causes two types of liver damage: transient liver dysfunction in about 20% of anesthetized patients or, in rare cases, a severe hepatitis resulting from a cell-mediated immune response. Both forms are thought to be related to metabolism of the anesthetic that occurs through an oxidative and a reductive pathway.
Several studies have established a correlation between hepatic centrilobular injury and low oxygen tension; greater liver damage has been associated with the formation of unstable reactive metabolites through the reductive pathway. Cytotoxicity in isolated hepatocytes from halothane has been demonstrated (172, 268, 269) . Rat cells are more sensitive than their human counterparts (172) . In a recent study using enriched periportal and centrilobular hepatocyte subpopulations in primary culture, we found that the latter were the most sensitive to the anesthetic and that increased reductive metabolism of halothane induced by decreasing oxygen concentration is not a critical parameter for the occurrence of liver damage in these cells (270) .
In immune-mediated halothane hepatitis, neoantigens are generated under oxidative conditions and involve the formation of highly reactive intermediate trifluoroacetyl groups capable of covalently binding to liver proteins (271) . Isolated hepatocytes have also been used to identify immunogenic moieties that are generated after exposure to halothane and are responsible for this immune response. An interesting approach has been proposed by some groups; it involves using hepatocytes from pretreated animals and analyzing cytotoxic effects of sera from patients with halothane-induced hepatitis. Strong evidence was provided that in vivo administration of halothane could generate neoantigenic determinants on hepatocyte plasma membranes that are very similar, if not identical, to those generated in patients with halothane hepatitis (272) . However, the use of animal hepatocytes could have some limitations. In a recent study (273) , we prepared a hapten-specific antifluoroacetyl antibody that reacted with novel antigens in primary human hepatocyte cultures exposed to halothane. These antigens, located in the endoplasmic reticulum and on the plasma membrane, had molecular masses similar to those of trifluoroacetyl protein antigens expressed in vivo (273) . The cellular distribution of these antigens was compatible with their generation by CYPs and their accessibility to immune effectors in patients. In a recent study CYP2El was found to be a cell surface autoantigen in halothane hepatitis (274) . As already noted with clometacin, another drug known to induce immunoallergic hepatitis in humans (275) , primary human hepatocytes could represent a valuable model for detecting circulating antibodies in the sera of patients with halothane hepatitis and for characterizing the antigens recognized by these antibodies.
Isolated hepatocytes are also widely used to study metal-induced toxicity [reviewed by Klaassen and Stacey (276) ]. Some metals such as cadmium and mercury are not essential for life and are considered only from a toxicologic point of view, whereas other metals such as iron and copper are essential and only their excess is responsible for tissue damage.
Several studies have shown that cadmium is cytotoxic to isolated hepatocytes (276, 277) and an approximate comparison of metal doses in vivo and in vitro indicates that cell death occurs at similar levels. Recent studies have shown that cadmium pretreatment exerts a protective effect against the genotoxicity of 2-acetylaminofluorene in cultured rat hepatocytes (278) . This effect could be related to an increase of metallothionein (thought to be involved in protection mechanisms) after cadmium treatment. A protection against cadmium toxicity in vitro has been reported with zinc, lead, and iron (279) .
Investigations of iron toxicity in isolated hepatocytes after a short period of exposure did not demonstrate that this metal was cytotoxic (280) . However, Morel et al. (281) demonstrated that ferric iron in its complexed form with nitrilotriacetic acid induced a dose-and time-dependent toxicity to primary rat hepatocyte cultures. The cells were exposed to 5, 20, or 100 jiM ferric iron up to 48 hr; cytotoxicity was demonstrated by production of free radicals and LDH release.
The use of chelators to remove metals is an important application of in vitro hepatocyte systems in the assessment of metal cytotoxicity (282, 283) . As an example, pyoverdin Pf, an iron chelator isolated from pseudomonasfluorescens, was recently found to prevent cytotoxicity induced by ferric nitriloacetate in rat hepatocyte cultures. It appears to be as effective as the well-known chelator desferrioxamine B (284) . Metals induce toxicity by a variety of mechanisms. In addition to peroxidation, which is frequently elicited, inhibition of mitochondrial function or adenosine phosphatases and interaction with sulfhydryl groups have been reported (277 (288) . Knowledge of factors required for hepatocyte replication in vitro is another important challenge for the future. Therefore, significant progress must be made to improve experimental conditionsprogress that will lead to prolonged maintenance of liver-specific functions and/or to more than a few cycles of replication in vitro. Such improvements would be particularly advantageous for long-term hepatic toxicology and carcinogenesis studies.
Hepatocyte Cell Lines. The development of immortalized hepatocyte cell lines represents a promising alternative to nonproliferating or poorly replicating normal hepatocytes. Development of immortalized animal hepatocyte lines that retain various specific liver properties is proving difficult. Immortalized human hepatocytes would be the optimal choice, but they appear to be still more difficult to obtain and maintain in culture with some liver-specific functions (289) . This means that optimal conditions for immortalizing and culturing adult hepatocytes must be further defined.
An interesting new approach is to establish hepatocyte lines from transgenic mice. Immortalized nontransformed fetal hepatocyte lines obtained by dissociation of the liver before visible pathologic changes reportedly retain highly differentiated functions for many months when cultured in a sophisticated medium (290) .
Presently, attempts are being made to transfect human hepatocyte cell lines with cDNA encoding CYPs in which expression is missing and to obtain transgenic mice expressing human drugmetabolizing enzymes.
In VWn) Toxicity Tests Considerable information has been published regarding the use of the isolated hepatocyte, either in suspension or in primary culture, for in vitro toxicity testing (286, 287 
